Abstract ADAM8 is a member of the "a disintegrin and metalloproteinase" (ADAM) family of membrane-anchored metalloproteinases. ADAM8-deficient mice have no evident spontaneous developmental or pathological defects, and little is currently known about the role of ADAM8 in disease. Here, we investigated the contribution of ADAM8 to pathological neovascularization in mice using an oxygen-induced retinopathy (OIR) model and heterotopical injection of tumor cells. We found an increase in retinal re-vascularization but fewer neovascular tufts in the OIR model and increased growth of heterotopically injected tumor cells in Adam8-/-mice compared with wild-type controls. These results suggest that ADAM8 functions to limit both of these processes in wildtype mice. In cell-based assays, overexpression of ADAM8 increased the ectodomain shedding of several co-expressed membrane proteins with roles in angiogenesis (CD31, Tie-2, Flk-1, Flt-1, EphrinB2, EphB4, VE-cadherin, KL-1, Eselectin, and neuregulin-1β2). Thus, dysregulated expression of ADAM8 in endothelial cells in vivo could potentially increase the processing of these and other substrate proteins. Taken together, our findings suggest that inhibiting ADAM8 could be useful for promoting re-vascularization and thereby preventing formation of neovascular tufts in proliferative retinopathies. On the other hand, blocking ADAM8 could be detrimental in the context of rapidly growing tumors.
Introduction
The formation of new blood vessels is critical for normal development and tissue repair, as well as for pathological events such as retinal neovascularization, rheumatoid arthritis, and tumor growth [1] [2] [3] [4] [5] [6] . During physiological angiogenesis, vascular endothelial growth factor (VEGF) expression in response to local hypoxia drives the development of new blood vessels [7] [8] [9] . In eye diseases, such as retinopathy of prematurity, proliferative diabetic retinopathy, and macular degeneration, hypoxia-driven neovascularization is generally considered a pathological response, leading to decreased vision and blindness [1] [2] [3] . In cancer, the growth of solid tumors also relies on pathological neovascularization.
This study is focused on the role of ADAM8, a member of the "a disintegrin and metalloprotease" (ADAM) protein family [10, 11] , in pathological retinal neovascularization and in heterotopic tumor growth. ADAM8 is a membraneanchored glycoprotein consisting of an N-terminal pro-domain, followed by a metalloproteinase-, disintegrin-, cysteine-rich-, EGF-like-and transmembrane domain and cytoplasmic tail [12, 13] . ADAM8 was initially identified in macrophages [12] and subsequently detected in neurons, osteoclasts, leukocytes, neutrophils, epithelial cells, and cancer cells [14] [15] [16] [17] . ADAM8 may regulate cellular functions by processing membrane receptors that are crucial for cellular signaling pathways, and its catalytic activity has been demonstrated in biochemical and cell-based assays towards substrates that include HB-EGF, EGF, CD23, and L-selectin [18] [19] [20] [21] [22] [23] [24] . The dysregulation of ADAM8 could therefore influence pathological conditions such as rheumatoid arthritis, cancer, and asthma [25] [26] [27] . However, mice lacking ADAM8 are healthy with no evident major developmental or spontaneous pathological defects [17] . We have previously reported that ADAM9 and ADAM15 are overexpressed during pathological neovascularization and that both ADAMs are involved in new blood vessel formation in a mouse model of oxygen-induced retinopathy (OIR) and in the growth of tumors from heterotopically injected melanoma cells [28, 29] . To assess whether ADAM8 might also have a role in pathological neovascularization, we subjected Adam8-/-mice and wild-type controls to the OIR and heterotopic tumor model. Moreover, we investigated the catalytic activity of ADAM8 towards membrane-bound substrates with known roles in angiogenesis in order to gain insights into the potential substrate repertoire of ADAM8 during neovascularization.
Material and methods

Materials
All reagents and chemicals were from Sigma, unless otherwise indicated. The rabbit anti-mouse NG2 antibody was from Chemicon International (Temecula, CA), FITCisolectin B4 from Vector Labs (Burlingame, CA), rat anti-CD31 from BD Biosciences/Pharmingen (San Diego, CA), anti-rabbit Texas Red and anti-rat Cy3 antibodies from Jackson Immunoresearch (West Grove, PA), rat anti-mouse F4/80 R-PE from Invitrogen (Carlsbad, CA), and the antimouse Alexa 488 antibody from Molecular Probes (Eugene, OR). Generation and use of the polyclonal anti-ADAM8 antibody was described previously [19, 21] .
Oxygen-induced retinopathy
Adam8-/-mice and wild-type controls were subjected to the OIR model for retinopathy of prematurity, and the results were analyzed as described previously [28] [29] [30] . Statistical evaluation was performed using the unpaired Student's t test (equal variation, two-sided). Since the animals were of mixed genetic background (129Ola/C57BL6), only wildtype (n=23) and Adam8-/-(n=21) littermates that were generated by matings of heterozygous Adam8+/-parents were analyzed.
Immunofluorescence and immunohistochemistry
Flat mounted retinas were incubated in modified LBB (0.5% Triton X-100) for 4 h, then washed 3× in PBS, incubated at 4°C overnight with either isolectin B4-FITC, lectin-TRITC, anti-F4/80-PE (macrophage marker), anti-NG2 (pericyte marker), or anti-CD31 (endothelial cell marker) antibodies, washed again with PBS, and incubated with anti-rabbit Texas Red or anti-rat Cy3 antibodies for 1 h, respectively. Subsequently, the retinas were washed with PBS, incubated with anti-ADAM8 monoclonal antibodies overnight, washed with PBS, and incubated for 1 h with anti-mouse Alexa488. After additional washes, retinas were mounted and photographed as described [29] . The number of tufts per retina was determined in a double blind analysis of photographs of whole mounts of retinas from wild-type and Adam8-/-mice subjected to the OIR model, counting only tufts that were clearly visible at 4× magnification to avoid scoring aggregates of macrophages. Immunohistochemistry of eye sections was performed as described [29] .
Western blot
Cos7 cells were transfected with ADAM8 or the catalytically inactive E>Q mutant. Cell lysis, SDS-PAGE, and Western blot analysis using an anti-ADAM8 antibody were performed as described [19, 21] .
Heterotopic injection of B16F0 mouse melanoma cells 1× 10 6 B16F0 mouse melanoma cells were injected subcutaneously into age-matched Adam8-/-mice or wildtype controls. These animals were derived from matings of Adam8-/-mice or of wild-type controls that were offspring from the same pair of heterozygous Adam8+/-mice of mixed genetic background (129/Ola and C57BL6). Thus, the wild-type and Adam8-/-mice used for tumor injections shared the same grandparents and were therefore highly related. Tumor growth over time was monitored using a caliper (Scienceware, Pequannock, NJ, USA). Tumor volume was calculated as L (length)×W 2 (width)×0.5. All animals used in a given experiment were sacrificed at the same time, between 2 to 3 weeks after injection of tumor cells, depending on the size of the tumors in the animals with the fastest tumor growth. The tumors were removed, weighed, and some processed for CD31 staining of frozen sections. Vascular density was evaluated by counting the number of vessels in 4× magnification fields throughout the entire tumor area, and presented as average number of vessels per field. The one-tailed unpaired Student's t test was used for statistical evaluation (Prism 4.0a software).
Protein ectodomain shedding assays
The expression plasmids for alkaline phosphatase-tagged receptors with roles in angiogenesis (Flk-1, Flt-1, Tie-2, VEcadherin, EphB4, EphrinB2, E-selectin, ICAM-1, VCAM-1, KL-1, TRANCE, NRG-1β1, and NRG-1β2), as well as for ADAM8 and the catalytically inactive E>Q mutant have been described previously [19, 29, [31] [32] [33] ]. An expression plasmid for alkaline phosphatase-tagged CD31 (PECAM) was generated by PCR (5' primer: TACTCGAGCTAGTCCAG ATTTCTATCCTGTCA; 3' primer: ACAAGGGCCCCTA AGTTCCATCAAGGGAGCCT) and encodes amino acid residues 503 to 738 inserted in frame into the pAP-tag vector (Genehunter, Nashville, TN). All data are representative of at least three independent experiments. For shedding experiments, ADAM8 or ADAM8 E>Q were transfected together with AP-tagged candidate substrate proteins into Cos-7 cells. One day after transfection, the medium was replaced with fresh medium, conditioned for 4 h, and then removed. The level of released AP-tagged receptor proteins was determined by colorimetric analysis as described [29] .
Results
Increased re-vascularization and decreased formation of neovascular tufts in Adam8-/-mice subjected to oxygen-induced retinopathy
The first approach to evaluate pathological neovascularization in Adam8-/-mice was the OIR model for retinopathy of prematurity. Seven-day-old mice were placed together with their nursing mother in a chamber with 75% oxygen. The high concentration of oxygen during postnatal days P7-P12 induces regression of the retinal capillary bed, leading to a central avascular area. Returning the animals to room air (21% oxygen) results in a relative hypoxia, which triggers a neovascular response that includes re-growth of the capillary bed (days P13-P17) and the formation of neovascular tufts that are scored at P17. Retinal wholemount preparations were stained with FITC-isolectin B4 to visualize endothelial cells in the capillary bed of the retina and to quantify the size of the central avascular area and detect the formation of neovascular tufts. A significantly smaller central avascular area was observed in Adam8-/-mice compared with wild-type controls at P17 (46.2% smaller, wild-type n =23, Adam8-/-n = 21, p< 0.0001, Fig. 1a, b) . A time course of retinal re-vascularization after the OIR model (Fig. 1c) showed that Adam8-/-mice and wild-type controls had an avascular area of similar size at p12, whereas there was significantly more re-vascularization of the retina in Adam8-/-mice at P15, P16, and P17 compared with controls. Counting the number of endothelial cell nuclei that had traversed to the vitreal side of the internal limiting membrane revealed a 64.6% decrease in Adam8-/-mice compared with controls (Fig. 1d , wild-type n=22, Adam8-/-n=18, p=0.0001). Moreover, the number of neovascular tufts visible in a whole-mount analysis was also significantly reduced in Adam8-/-mice compared with controls (Fig. 1e, f) . The enhanced re-vascularization in Adam8-/-mice could conceivably help prevent formation of neovascular tufts by increasing perfusion of the central avascular area after OIR.
ADAM8 expression in neovascular endothelial cells in the retina
To determine whether ADAM8 is expressed in retinal neovascular tufts, whole-mount preparations of retinas of wild-type mice subjected to the OIR model were stained with antibodies against ADAM8 (Alexa 488 labeled secondary antibody, Fig. 2a, b) , and with anti-CD31 (Cy3 labeled) to detect endothelial cells (Fig. 2a) , or anti-NG2 to detect pericytes (Fig. 2b) , or anti-F4/80 to detect macrophages (Fig. 2c) . Immunofluorescence microscopy showed expression of ADAM8 in neovascular tufts; however, cells with the highest expression of ADAM8 did not stain strongly with anti-CD31, anti-NG2, or anti-F4/80 (Fig. 2a-c) . In retinas from Adam8-/-mice subjected to the OIR model, only background ADAM8 staining was observed in neovascular tufts, even though these could be visualized with anti-CD31 or anti-NG2 (Fig. 2a, b , lower panels), corroborating that the ADAM8-staining in wild-type retinas was specific. In retinal capillaries of wild-type mice, predominantly intracellular expression of ADAM8 was seen in lectin-TRITC labeled endothelial cells (Fig. 2d) . A histochemical analysis of the expression of ADAM8, 9, and 15 in retinal sections of mice subjected to the OIR model showed increased expression of all three ADAMs in neovascular tufts in wild-type mice, with sections of a tuft from an Adam8-/-mouse serving as control for the specificity of the anti-ADAM8 antibodies (Fig. 2e) .
Increased tumor growth of heterotopically injected B16F0 melanoma cells in Adam8-/-mice A commonly used approach to evaluate pathological neovascularization is to monitor the growth of heterotopically injected tumor cells in mice, which can also provide information on the contribution of host-derived factors and of other cell types besides endothelial cells to tumor growth. In our studies on how the lack of ADAM8 affects the growth of heterotopically injected tumor cells, the potential effects of the mouse genetic background was minimized by comparing tumor growth in litters of wild-type mice or Adam8-/-mice that had been bred from offspring of the same heterozygous grandparents (see Materials and methods). In five separate experiments, the average weight of tumors that developed after subcutaneous injection of 1×10 6 B16F0 cells in Adam8-/-mice was significantly increased compared with wild-type controls (Fig. 3a , increase in tumor weight in Adam8-/-versus wild-type controls=2-fold, wild-type n=35, Adam8-/-n=36, p<0.001). Caliper measurements showed an increase in tumor volume in Adam8-/-mice compared with controls as soon as the tumors could be detected around 12 days after injection (Fig. 3b) . However, no difference in the distribution of CD31-stained blood vessels was observed in tumors of Adam8-/-mice compared with wild-type controls (Fig. 3c, representative section, Fig. 3d , quantification of vessels per field (Adam8-/-mice: 34.1±3.1 SEM, n=14; wild-type mice: 31.0±3.3 SEM, n=17; Student's t test: p<0.25).
ADAM8 can process receptors with roles in angiogenesis in cell-based assays
Since ADAM8 can function as a catalytically active membrane-anchored metalloproteinase [34, 35] , we tested whether it can process membrane-bound proteins involved in angiogenesis. We found that overexpression of ADAM8 increased the shedding of alkaline phosphatase-tagged Tie-2, VE-cadherin, E-selectin, EphB4, EphrinB2, CD31, Flk-1, Flt-1, NRG-1β2, and KL-1 compared with cells overexpressing the inactive ADAM8 E>Q mutant with these substrates (Fig. 4a) . Overexpression of ADAM8 did not increase the shedding of VCAM-1, ICAM-1 (Fig. 4a) , NRG-1β1, or TRANCE (data not shown) when compared with ADAM8 E >Q under the conditions used here. A Western blot analysis confirmed the overexpression of ADAM8 and ADAM8E>Q in Cos-7 cells (Fig. 4b ). These results demonstrate that ADAM8 is capable of processing several proteins with established functions in angiogenesis and neovascularization in "gain of function" overexpression experiments.
Discussion
In this study, we investigated the role of ADAM8 in pathological retinal neovascularization and the growth of heterotopically injected tumor cells using wild-type and Adam8-/-mice and evaluated the catalytic activity of ADAM8 in the ectodomain shedding of membrane recep- Fig. 1 Increased hypoxia-induced retinal neovascularization in Adam8-/-mice. Adam8-/-mice and wild-type controls were subjected to the oxygen-induced retinopathy (OIR) model (see Material and methods for details). a Analysis of whole-mount retinas prepared at P17 showed a smaller central avascular area in Adam8-/-mice compared with wild-type controls (representative examples are shown, scale bar=1 mm). b Quantification of the size of the central avascular area compared with the size of the retina corroborated that the central avascular area is smaller in Adam8-/-mice compared with controls (mean relative size of avascular area in Adam8-/-mice=10.5%±1.4% SEM, n=21; in wildtype controls=19.6%±1.3% SEM, n=23, Student's t test, p<0.0001). c Adam8-/-and wild-type mice developed similar capillary regression at P12 of the OIR model, but starting at P15, re-vascularization of the retina was significantly increased in Adam8-/-mice compared with controls. d The average number of neovascular nuclei in tufts on the vitreous side of the internal limiting membrane (see Material and methods for details) was significantly reduced in the absence of ADAM8. Each point represents the average number of nuclei per retinal section of one animal. (Adam8-/-mice 4.0±1.1 SEM, n=18; wild-type mice 11.3±0.7 SEM, n=22, p<0.0001.) e The number of tufts that were clearly visible in retinal whole mounts at 4× magnification was decreased in Adam8-/-mice compared with wild-type controls (Adam8-/-mice 31.3±4.1 SEM, n=19; wild-type mice 56.8±9.1 SEM, n=21, p<0.0098). f Representative images of sections of a retina whole mount from an Adam8-/-mouse or wild-type control, stained with isolectin B4-FITC (arrows point to neovascular tufts, scale bar=100 µm) tors involved in angiogenesis. After exposure to the OIR model, we found that the hypoxia-induced neovascular response was altered in Adam8-/-mice compared with wild-type controls. The smaller central avascular area in Adam8-/-mice at P17 after the OIR model compared with controls was most likely caused by an enhanced revascularization of the central avascular area, since both wild-type and Adam8-/-mice showed a comparable avascular area after oxygen treatment on day P13. In a time course analysis, an increased vascular re-growth became apparent in Adam8-/-mice compared with wildtype controls starting at P15, suggesting that ADAM8 is a negative regulator of neovascularization. However, the significant decrease in neovascular tufts and in endothelial cells that had traversed the internal limiting membrane in Adam8-/-mice after OIR compared with controls appeared paradoxical, as one would expect an increase in both parameters in light of the increased re-vascularization of the central avascular area in Adam8-/-mice. It is tempting to speculate that the decrease in pathological neovascular tufts in Adam8-/-retinas resulted from an increased physiological neo-or re-vascularization of the central avascular area, Fig. 2 Expression of ADAM8 in retinas of mice subjected to oxygeninduced retinopathy. a-c Representative examples of a neovascular tuft from retinas of wild-type mice (top panels in a, b and all panels in c, or Adam8-/-mice (lower panels in a, b) stained with antibodies against ADAM8 (Alexa 488) in a, b, and c, or against the endothelial cell marker CD31 (Cy3 in a), the pericyte marker NG2 (Texas Red in b) or the macrophage marker F4/80 (PE in c). Merged images are shown in the right-hand panels in a-c, scale bar=20 µm. The expression of ADAM8 in neovascular tufts does not overlap with CD31, NG2, or F4/80, and no staining with the ADAM8 antibody was seen in neovascular tufts in Adam8-/-retinas. d Intracellular ADAM8 staining (Alexa 488) co-localizes with lectin-TRITC labeled capillaries in a wild-type retina. e Immunohistochemical analysis shows high expression of ADAMs 8, 9, and 15 in neovascular tufts in sections of retinas from wild-type mice subjected to the OIR model, but only ADAMs 9 and 15 are detected in neovascular tufts from retinas of Adam8-/-mice after OIR which improved perfusion of the central retinal tissues and lead to a concomitant decrease in hypoxia and VEGF production in the OIR model.
A decrease in neovascular tufts has also been described in Adam9-/-or Adam15-/-mice [28, 29] , yet the cause for this decrease is apparently very different than in Adam8-/-mice. In the Adam9-/-and Adam15-/-mice, the re-vascularization of the central avascular area following the OIR model is decreased, so formation of neovascular tufts is most likely prevented because there is an overall defect in the formation of new vessels that would be able to generate neovascular tufts. An increase in neovascularization in the absence of ADAM8 could also explain the increased growth of heterotopically injected tumor cells in Adam8-/-mice compared with controls. The comparable vessel density in tumors from Adam8-/-mice and controls suggests that the increased tumor growth in Adam8-/-mice most likely depended on vessels that grow faster, but nevertheless have a normal spacing. This notion is also supported by the observation that the re-vascularization of the central avascular area of the retina following the OIR model was more rapid in Adam8-/-mice compared with controls, even though there was no difference in the density in the newly developed retinal vessels (data not shown). Alternatively, ADAM8 might be involved in inhibiting tumor growth via a mechanism that is not related to its role in neovascularization, for example by processing or activating a tumor suppressive molecule in endothelial cells or other cell types, or through a tumor suppressive role in cell-cell interaction.
The high expression of ADAM8 in neovascular tufts of mice subjected to the OIR model further supports the notion that ADAM8 has a critical role in pathological retinal neovascularization. Interestingly, in cells expressing the highest levels of ADAM8 in neovascular tufts, there was no co-localization with the endothelial cell marker CD31 or the pericyte marker NG2 or the macrophage marker F4/80. However, since ADAM8 is expressed in normal retinal capillaries and can cleave CD31 when overexpressed in Cos-7 cells, it is possible that the high expression of ADAM8 in some cells in neovascular tufts leads to removal of the endothelial cell marker CD31 in those cells. In addition to CD31, overexpression of ADAM8 in cell-based assays also enhanced the shedding of Tie-2, VE-cadherin, E-selectin, EphB4, EphrinB2, Flk-1, Flt-1, NRG-1β2, and KL-1 compared with the inactive ADAM8 E>Q control. The consequences of enhanced shedding for these individual substrates remains to be determined, but to provide a hypothetical example, the processing of Flk-1 could reduce its concentration on the surface of endothelial cells, thereby diminishing Flk-1 signal transduction. In the Adam8-/-mice, decreased processing could preserve or even enhance the levels of Flk-1 and other tyrosine kinase receptors relative to wild-type mice, thereby perhaps increasing the likelihood of a signaling event and potentially also re-vascularization. However, it should be emphasized that overexpressed ADAM8 presumably has many more substrates on endothelial cells and other cell types, and so, the defects seen in Adam8-/-mice are most likely the consequence of the sum of effects caused by lack of processing of several different substrates. Additional studies will be necessary to assess how processing of the individual substrates of ADAM8 affects their function in angiogenesis and how this can be correlated to the changes in neovascularization observed in Adam8-/-mice. When we evaluated proliferation of purified endothelial cells and performed aortic ring sprouting assays, we found no significant difference between cells isolated from Adam8-/-mice compared with wild-type controls (not shown), presumably because the dysregulation of ADAM8 expression during neovascularization in vivo is not re-capitulated in these exvivo assays. Finally, it should be noted that other noncatalytic protein modules, such as the disintegrin-domain, cysteine-rich region, or cytoplasmic domain could also be important for the function of ADAM8 in neovascularization.
In summary, the analysis of the responses of Adam8-/-mice to the OIR model and the heterotopic tumor model suggest that ADAM8 has an important role in pathological Fig. 4 Ectodomain shedding of membrane receptors with roles in angiogenesis by ADAM8 in "gain of function" overexpression experiments. To identify potential substrates for ADAM8, several alkaline-phosphatase-tagged membrane proteins were overexpressed in Cos7 cells together with empty vector (-), wild-type mouse ADAM8 (8) , or the catalytically inactive ADAM8E>Q mutant (8EQ; see Materials and methods for details). a Each graph shows the AP activity released into the supernatant as a percentage of the total AP activity in the cell lysate and supernatant and is representative of at least three separate experiments with two wells per experiment. Overexpressed ADAM8 can increase the ectodomain shedding of Tie-2, Flt-1, VE-cadherin, NRG-1β2, Flk-1, EphB4, KL-1, ephrinB2, CD31, and E-selectin, but does not affect the processing of VCAM-1 and ICAM-1, or NRG-1β1 and TRANCE (not shown). b Western blot analysis confirmed the overexpression of ADAM8 and ADAM8E>Q in Cos-7 cells neovascularization. Moreover, ADAM8 can process several membrane receptors with known functions in angiogenesis, suggesting that the processing of these molecules and potentially, other substrates could be involved in the regulation of neovascularization by ADAM8. The increased retinal re-vascularization following the OIR model in Adam8-/-mice suggests that ADAM8 normally functions to limit re-vascularization in this model. Moreover, the increased tumor growth suggests that ADAM8 in host cells restricts the growth of heterotopically injected tumor cells. It will now be interesting to test how the lack of ADAM8 affects other tumor models, such as those that are driven by transgenic expression of oncogenes. Collectively, these results suggest that ADAM8 should perhaps be considered as an anti-target [36] in the context of developing metalloproteinase inhibitors to block rapid tumor growth. On the other hand, the increased re-vascularization of retinas of Adam8-/-mice following the OIR model, which apparently protected from development of neovascular tufts, raises the possibility that ADAM8 could emerge as a useful target for treatment of ROP and potentially other diseases that would benefit from increased re-vascularization, such as myocardial infarction and diabetic vascular disease.
